Chemical modifications of parthenin, a naturally occurring bioactive sesquiterpenoid, were carried out in regio-and stereoselective manners using various inexpensive reagents to form different natural and unnatural analogues. Reactions including dehydration, reduction, alkylation, addition and hydroxylation have been studied. In some of the analogues, the α-methyleneγ-lactone moiety, which plays a vital role for bioactivity of parthenin, remained intact.
Parthenin (1), on treatment with acetic acid or acetic anhydride in the presence of Amberlyst-15, afforded the natural sesquiterpeniod, anhydroparthenin (2) [4c] as the sole product ( Figure 1 ). Anhydropathenin (2) is also an important intermediate for the synthesis of the parent compound 1. With acetic acid, the reaction was carried out under reflux (4 h) while with acetic anhydride the conversion went smoothly at room temperature (15 min). A similar transformation was also accomplished when parthenin (1) was treated with triphenyl phosphine in the presence of iodine to form anhydroparthenin (2) , in excellent yield.
Reaction of parthenin (1) with zinc in saturated ammonium chloride yielded three products. One of these was identified [from its spectral ( 1 H NMR and MS) and analytical data] as the naturally occurring sesquiterpenoid, neoambrosin (3) [5] . The compound was formed by reductive elimination of the α-hydroxyl group at C-1 of parthenin without affecting ring C. The other two products were characterized as two diastereoisomers of dihydroneoambrosin (4 and 5). The structures of these two compounds were established by comparision of their spectral ( 1 H NMR and MS) data with those of parthenin. In ring A of both compounds 4 and 5, the α, β-unsaturated carbonyl system was absent and this ring was modified to the ring A form of neoambrosin. In the 1 showed correlation with Me-13 in 4, but this correlation was absent in 5. All of these data suggested [6] that 4 contains an α-methyl group at C-11, while 5 contains a β-methyl group.
When parthenin (1) was treated with samarium iodide in dry THF, neoambrosin (3) was obtained as the sole product, in excellent yield.
The alkylated analogues of parthenin were prepared by treatment of compound 1 with unactivated alkyl halides in the presence of zinc in saturated aqueous ammonium chloride at room temperature. Thus, when 4 equiv. of Zn and 3 equiv. of isopropyl iodide were used in this reaction the alkylated products 6 and 7 were formed. In both of these compounds, rings A and B are similar to those of neoambrosin (3). However, the exomethylene group has been attacked by the isopropyl iodide under the reaction conditions to form an isobutyl moiety at C-11. The structures of the products were established from their 1 H NMR and MS data. The NOESY experiments showed the correlation between H-7 and H-11 in 6, but this correlation was not observed in 7, suggesting the β-configuration of the isobutyl group in 6 and the α-configuration in 7.
In the above reaction, when conducted with 2.5 equiv. of Zn and 4 equiv. of isopropyl iodide, only the enantioselective product 8 was obtained. In this compound, rings A and B of parthenin (1) have not been changed and the isobutyl group at C-11 is in the β-configuration, as suggested by NOESY experiment. The product 8 was also formed on treatment of parthenin (1) with indium (3 equiv.) and isopropyl iodide (4 equiv.) in MeOH-H 2 O (2:1). The alkylation possibly involves the activation of the C-I bond of the alkyl iodide to form alkyl zinc iodide species, which then undergo 1,4 addition to the exomethylene double bond of parthenin (1). However, the possibility for SET reaction cannot be excluded.
When parthenin (1) was kept in MeOH overnight in the presence of Amberlyst-15, the product, 2αmethoxy coronopilin (9) was produced. In the NOESY experiment, H-2 (δ 4.30, 1H, t, J = 9.2 Hz) showed correlation with Me-14 (δ 1.10, 3H, s) and Me-15 (δ 1.18, 3H, d, J = 7.0 Hz). Compound 9 is the 2-Omethyl analogue of the natural sesquiterpenoid, isoxathin [7] . The same product 9 was also formed when parthenin (1) was reacted with trimethyl orthoformate (TMOF) in the presence of a catalytic amount of silica-supported perchloric acid (HClO 4 .SiO 2 ).
The reaction of parthenin (1) with sodium azide in methanol under the catalytic influence of Amberlyst-15 produced 2α-azido coronopilin (10) at room temperature. The structure of the product was settled from its spectral ( 1 H NMR and MS) and analytical data. The NOESY experiment also revealed the correlations between H-2 (δ 4.60, 1H, t, J = 8.0 Hz), Me-14 (δ 1.09, 3H, s) and Me-15 (δ 1.18, 3H, d, J = 7.0 Hz). If the reaction were carried out in polyethylene glycol (PEG-400), the same product (10) was obtained without using additional catalyst and solvent. Thus the reaction is more convenient by employing PEG as the reaction medium.
When parthenin (1) was treated with a catalytic amount of osmium tetroxide and N-morpholine oxide at room temperature in acetone -water (2:1) the dihydroxylated product 11 ([M + ]: m/z 296) was obtained in good yield. The rings A and B of the compound were similar to those of parthenin (1). However, ring C was modified by dihydroxylation at C-11 and C-13. The 1 H NMR spectrum indicated the absence of an exomethylene double bond and the appearance of H 2 -13 as two doublets at δ 3.95 (1H, d, J = 10.0 Hz) and 3.67 (1H, d, J = 10.0 Hz). The NOESY experiments did not show any correlation between H-7 (δ 3.05, 1H, m) and H 2 -13, suggesting the α-configuration of the hydroxyl group at C-11.
In conclusion, several regio-and stereoselective modifications of the naturally abundant pseudoguaianolide, parthenin, have been carried out to generate its various natural and unnatural analogues. The conversions include dehydration, reduction, alkylation, addition and hydroxylation. In some of the analogues, the α-methylene-γ-butyrolactone moiety remained intact.
Experimental
General: Melting points were measured in a Buchi-510 instrument and are uncorrected. The spectra were recorded with the following instruments: IR; Perkin Elmer RX1 FT IR spectrometer; NMR, Varian Gemini 200 MHz and EIMS; Micro mass VG 7070H (70 eV) instrument. The optical rotations were measured on a DIP-360 polarimeter. Column chromatography was performed over silica gel BDH (100-200 mesh) and TLC with silica gel GF 254.
Parthenin was isolated from the aerial parts of Parthenium hysterophorous, following the standard method [4c].
(I) Synthesis of anhydroparthenin (2):
A. To a stirred solution of parthenin (1) (100 mg, 0.382 mmol) in acetic acid (4 mL), Amberlyst-15 (100 mg) was added. The mixture was allowed to stir under reflux and the reaction was monitored by TLC. After completion (4 h), the reaction mixture was filtered. The filtrate was diluted with water (10 mL) and extracted with EtOAc (2 x 5 mL). The extract was washed with brine water (2 x 5 mL) and concentrated. The residue was subjected to column chromatography over silica gel using n-hexane: EtOAc (9:1) as an eluent to yield anhydroparthenin (2) (85 mg, 91%) as a white solid.
B.
To a solution of parthenin (1) (100 mg, 0.382 mmol) in CHCl 3 (4 mL), Ac 2 O (1 mL) was added. After 5 min. Amberlyst-15 (100 mg) was added and the mixture was allowed to stir at room temperature. After completion (15 min.), the product, anhydroparthenin (2) (88 mg, 94%) was isolated and purified following the above method.
C.
To a stirred solution of parthenin 1 (100 mg, 0.382 mmol) and PPh 3 (1 mmol) in dichloromethane (4 mL) a catalytic amount of iodine (10 mol %) was added. The reaction mixture was allowed to stir for 3 h. After completion of the reaction (monitored by TLC), the mixture was diluted with chloroform (10 mL) and the organic layer was washed with Na 2 S 2 O 3 solution (2 x 10 mL) and finally with brine solution (2 x 10 mL). The organic layer was concentrated and subjected to column chromatography to yield anhydropathenin (2) (89 mg, 84%) as a white solid. 
(II) Reduction of parthenin (1) with Zn/sat. aq. NH 4 Cl:
To a stirred solution of parthenin 1 (100 mg, 0.382 mmol) and zinc (96 mg, 1.2 mmol) in THF (4 mL), saturated aq. ammonium chloride (3 mL) was added drop wise, slowly at room temperature. Vigorous evolution of hydrogen gas was observed. The reaction mixture was allowed to stir for 4 h at room temperature. After completion of the reaction, as indicated by TLC, the reaction mixture was concentrated and extracted with CHCl 3 (3 x10 mL). Evaporation of the volatiles, followed by column chromatography over silica gel, afforded reduced product 4 (31 mg, 30%), 5 (45 mg, 45%) and neoambrosin (3) (19 mg, 20%). (III) Zinc mediated alkylation of parthenin: To the suspension of parthenin (1) (50 mg, 0.19 mmol), isopropyl iodide (161 mg, 0.95 mmol) and zinc (50 mg, 0.82 mmol) were added. Saturated aq. ammonium chloride (3 mL) was added dropwise at room temperature and the reaction was allowed to stir for 6 h. After completion of the reaction, as indicated by TLC, the mixture was concentrated and extracted with CHCl 3 (3 x 10 mL). The combined organic layer was concentrated and subjected to column chromatography to afford products 6 (14 mg 34%) and 7 (11mg, 19%).
Neoambrosin

Product 6
Viscous mass. (IV) Indium mediated alkylation of parthenin: To the suspension of parthenin (30 mg, 0.11 mmol), isopropyl iodide (74.8 mg, 0.44 mmol), indium powder (38 mg, 0.33 mmol) in MeOH (0.2 mL) and water (0.4 mL) were added dropwise for over 5 min. The reaction was allowed to stir for 45 min. After completion of the reaction, as indicated by TLC, the mixture was concentrated and extracted with CHCl 3 (3 x 10 mL).The combined organic layers were washed with brine, dried over Na 2 SO 4 and concentrated to obtain a residue, which, on column chromatography, afforded 13-isopropylated parthenin (8) (25 mg, 74%).
Product 8
Viscous mass. 1 (V) Reaction of parthenin with MeOH/Amberlyst-15: To a stirred solution of parthenin (1) (100 mg, 0.382 mmol) in methanol (4 mL), Amberlyst-15 (100 mg) was added. The reaction mixture was allowed to stir overnight at room temperature. After completion of the reaction (monitored by TLC), the mixture was filtered, the filtrate concentrated and subjected to column chromatography over silica gel using nhexane-EtOAc (9:1) as eluent to yield 2α-methoxy parthenin (9) (59 mg, 53%). oxide, 0.314 mg, 1.2 eq.) was added, followed by addition of a catalytic amount of OsO 4 by taking it into a small capillary at 0ºC and the mixture was brought to room temperature and stirred overnight. After completion of the reaction, as indicated by TLC, the mixture was concentrated and extracted with EtOAc (3 x 10 mL) and then washed with brine water (3 x 10 mL). The combined organic layers were concentrated and subjected to column chromatography to afford dihydroxylated product 11 in high yield (67.78 mg, 60%).
Product 11
Viscous mass. 
